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3 Generations of Kamiokande

3,000 ton | =) (50,000 ton | mmmp | 2 x 260,000 ton

Kamiokande  Super-Kamiokande Hyper-Kamiokande
1983-1996 1996—-today (and beyond) ~2026—PPP
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Super-K Tank Open (2018) - SK-Gd
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Now, Hyper-K 15t detector
major funding from Japan

iS SseCcu red | Announcement
2018.09.12

- HK 15t detector construction starts in April 2020.

Funding request for the 2" Korean detector
will be proceeded
to the Korean government.

Sunny Seo, IBS NPC Seminar @ Fermilab 5



International Hyper-K proto-collaboration
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17 countries, ~80 institutes, ~300 members




Hyper-K Physms Program
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Neutrino oscillatic

New step to
geo-science

gamma /
T ST g e \.\
CPV & neutrino _ < o
mass ordering (MO) ~ @

Sunny Seo, IBS ifeti
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Neutrino Sources & Fluxes
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Sunny Seo, IBS

Hyper-K
coverage

Cosmological v

MeV ~ TeV

Solarv
Supernova burst (1987A)

: / Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN

Cosmaogenic

i ) v

- Total ~101! neutrinos /cm?/sec
10¢ 107 1 10° 106 10° 107 10" 108
neV. meV eV keV MeV GeV TeV PeV EeV
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The Hyper-Kamiokande detector

HK Design Report: arXiv:1805.04163

http://www.hyper-k.org
http://www.hyperk.org

superb capabilities
for a broad area
of science,
proven feasibility

fOptimized for cost and quick start
Total volume:  260kton per tank
Fiducial volume: 190kton per tank
(~*10 of Super-K per tank)
Start with one tank (funding request)
40% coverage with new sensor
X2 photon sensitivity
~40,000 50cm PMTs for inner det.
c ~6;-700-20em PMTs for outer det.

‘ ~15k 3 inch PMTs for OD (cheaper, less dark rate) ’
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Je The detector site locates under Mt. Nijugo-yama

e ~8km south from Super-K 650 m overburden
* Identical baseline (295km) and off-axis angle (2.5deg) to T2K ,




Enabling technology new photosensors

A | —rig—t ““ - e ' .
#  High—QE box—and-line PMT
Hamamatsu R12860) e | : el PY
QE = 31% sample T
50cm N AR e | LS Y
y Super-K PMT average ;--:L‘
o %A (Hamamatsu R3600, QE = 22%) == \
'S -+ « A
v Lo
0
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Position angle [degree]

® Better performance than SK-PMT (R3600)
® Photon detection efficiency x2
® Timing resolution x2
® Better pressure tolerance

® Intensive R&D for “multi-PMT” option
by an international collaboration

® Module of small PMTs in an enclosure

Sunny Seo, IBS NPC Seminar @ Fermilab




Super-K PMT  Hamamatsu R3600
Venetian blind dynode

// +2kV, f07ga|n

Box&Line PMT Hamamatsu R12860

+High QE 22%->30%
N

// ‘ \\ |

/ +2kV, Fo7gain \» '

Box & Line
dynode

-------
m

Efficient collection
Uniform drift path

— High charge&time resolutions

| SK(HR3600) HK (HR12860)

Collection Efficiency
QE
Transit Time Spread (o)
Rise Time
FWHM of signal

40~50% 70%
22%
4.4 ns
20 ns
30 ns

30%
2.2 ns
10 ns
18 ns 12




Status of New Photo Detectors

® [Hamamatsu Box&Line PMT
O ~140 PMTs were manufactured and installed to Super-K.
O 5000 PMTs for JUNO, most of them arrived and waiting for waterproofing.
O Mass production is ready for Hyper-K.

» Final R&D to lower dark rate is ongoing.

® |Hamamatsu HPD
O 1 waterproof HPD was installed to the EGADS water tank for the proof test.
O Need to establish a mass production technique for Hyper-K.

® INNVT MCP PMT

O 15k PMTs for Juno, in production and waiting for waterproofing
» Performance test and visual inspection are also ongoing near to Juno.

O For Hyper-K, a prototype with waterproof cover and cable comes soon. Tuning
for more improved high QE and lowered dark rate is ongoing.

® |Incom LAPPD
O 8-inch prototypes were realized and are being tested.
O Need to establish mass production technique for the large number. .




Light Collectors

® Cost effective solution to enhance detection efficiency
/" Studies on light collection for KamLAND2-Zen I

Winston cone
~

>
Y i) & 1
Zo’y B i Y

—> x1.8 enhancement

Study with simulation and measurement
. Test of stability, background, etc.

Prototype
Wavelength | w/acrylic plate and mirror
shifting pIate in edge for reflection
Polystyrene w/ About 1.5 factor
POPOP for test in both measurement
8” R5912 PMT and simulation
- /
Mirror optimization for WCD by S.Perasso Testeg OiMulation study for Hyper-K
https://indico.fnal.gov/event/5276/material/slides/0?contribld=66 best 1GeV electron, Normal HK 1GeV electron, HK w/ LC
es ‘mj_""l"""l""'f.” O Y
WC type Aluminum Silver 'l Wide z Shape sn r Ongoing
Y. F.¥. » ]
’é?f[ 1.0 (+0.01) 1.45 (£0.01) 1.43 (£0.02) 3.05 (+0.03) ‘”""; ¢ e
TIS o 1.49 ns (£0.05) 1.45 ns (£0.05) 1.49 ns (£0.05) 1.72 ns (+0.06) | |_I2 X

P L " | - s L s
PXPS12 Stefano Perasso - Winston Cones for WCD 6 [ecm] 14 [cm]



multi-PMTs

International Effort

Collection of small size (3 inch) PMTs
in a single enclosure

Adapted from KM3NET’s original mPMT

Pro:

--better timing properties

--better directionality

--better pressure tolerance

--better vertex reconstruction near wall
—> fiducial volume increase

Con:
larger number of channels
— more expensive and power consumption



Hyper-K Two Detectors
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E. Witten

“Why don’t you bring one of the 2 tanks to Korea ?”
@EPP2010

Sunny Seo, IBS NPC Seminar @ Fermilab
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T2HKK Inauguration
July 10t 2016, London




Brief History of T2ZHKK/KNO (I)

Jd 2005/2006/2007: a large Cherenkov detector in Korea using
J-PARC neutrino beam (T2KK) was suggested.
— 3 joint workshops supported by KOSEF and JSPS.

J 2015: staged construction of two HK detectors at Kamioka
2 X 260 kton = 1 X 260 kton (2017)

 March 20, 2016: initial discussion on T2HKK at Fermilab

d July 10, 2016: official kick-off meeting in London
- T2HKK proposal was accepted in Hyper-K.
T2HKK working group (WG10) was formed.

J Sept. 2, 2016: 15t domestic T2HKK workshop at SNU



Brief History of T2ZHKK/KNO (lI)

d Nov.19, 2016: T2HKK white paper release to arXiv:1611.06118
— published in PTEP in Mar. 2018.

J Nov. 21-22 2016: 1%t International T2HKK workshop at SNU

[ Nov. 2017: 2"4 Domestic Workshop for T2HKK in KNU

6. July 2018: Hyper-K Satellite Meeting during ICHEP, Seoul.

https://indico.snu.ac.kr/indico/event/47/overview

J Nov. 2018: 3@ Domestic Workshop for T2HKK in KNU

J Aug 2019: Hyper-K Satellite Meeting during NuFACT at KNU




Neutrino Oscillations in Kamioka & Korea

Beam center

Sea
Kamioka
X ' JAPAN
3 KOREA
::- <
J-PARC
_| €& Profile of off-axis beams
0.10
& 0.08 normal ——
T 0.08 Inveregd —
<= 0.04
o 0.02 | € P(I;,_,9 1) at SK/HK (Japan)
s (L =295 km)
0.10 —
oo s —
= 004 | €P(v,~»1,) at Korea
a oo (L=1000km)

0.0 1.0 .' 2.0 3.0 40 5.0
Neutrino Energy (GeV) 21



Off-axis Beam and Matter Density

Beam center
Sea

Matter profile along the T2K baseline

Kamioka

SK
JAPAN Fossa Magna J-PARC
KOREA : '
J-PARC
295 km 210 km 100 km
Matter term: Matter profile along

the Tokai-to-Korea baseline

ra = 2/2GrN.E,/Am?,

More matter effects
- better MO determination

* Longer baseline

: . 7 T | R
° H|gher matter densrty 1200 km  1000km 600km 400km 295km

* Higher neutrino energy
22



Energy vs. Baseline
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Unique benefits of a Korean Detector

/Biprobablitiy plots often used to ) fLarger ellipses mean less sensitivity to )

compare experiments. (e.g. T2K vs systematic errors.
NOvA). Extend these to multiple Shape differences unpick degeneracies with
energies, to gain understanding of 2nd \Other parameters. (e.g. 653) )
Kmaxima measurement. )
Blue: Energy of peak QE rate
Solid lines: Normal Hierarchy N€W detector at Kamioka Red: median of high-energy tail
Dotted lines: Inverted Hierarchy ~ IMmproves statistics Green: “ “ low-energy “
Rescaled to original T2K-I Biprobability at Tochibora site (®,, =0.959460) Biprobability at Bohyun site (®;, =3.130079)
90-1- T T T T T T T T T T T T T T ] /_\:01- T T T T T T T T T T T T T ] /3;501_ |.¢ _______ ...: T T T T T T T T T T
= [ T2K-1 f \ L [ Hyper-K PR L i,Korea-.(Bohyun)/\ ]
0.08 PREICIEIEN| 0 0.08 + 11 0.08— ]
. S rd : \U : B .
e R )
I 1 = | ] & [ ]
0.06 Dy 1R 006 e 520 1 006 /T\\\~ 250
0.04] ] 0.04 RN 770 - 004 \ 830 1
o.oz: o.oz: 0.02 Q;gﬁ S
OO — I0.02I I I0.04I I I0.06I I I0.08I I I0.1 00 - I0.02I I I0.04I I I0.06I I I0.08I I I0.1 00I I IZ).O2I I ].(;:g);;“]"-IO.OGI I I0.08I_,I I0.1
P(v,—Ve) P(v,—V,)
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Detector in Korea measures parameters in a very different way



Benefits of the 2"9 Detector in Korea

T2HKK = Tokai to(2) HK to Korea

The following physics sensitivities are improved
by locating the 2"? detector to Korea

» Neutrino mass ordering determination A 15t&2"d oscillation
maxima

» Leptonic CP violation measurement

Higher v energy

. ) . Longer baseline
» Non-standard neutrino interaction - Higher matter
density

» Solar/SRN/v geo physics sensitivities -

Sunny Seo, IBS NPC Seminar @ Fermilab 25




Important Questions

expected to be answered by Hyper-K/T2HKK.

—

» Leptonic CPV ?

» v mass ordering determination ?
—~ > NS|? — |n this talk

» Supernova burst/relic neutrinos ?

» Proton decay ?

— —

» Dark matter ?
> etc.



Why Leptonic CPV ?

Post. Prob. Density

Understanding

1. Which flavor symmetry model ? oattern of v mixing

6

(9

5

W

\9]

[U—

)

7

GR1 |
GR3 maw
GR2 mam
HEX

' | ‘ | ' | ' I//' | BM
Ballet et al. JHEP 1412 / TBM

_

Image credit: T. Ohlsson @KTH

Giﬂ

200'/

%

0.5 1 1.5

Sunny Seo, IBS NPC Seminar @ Fermilab



_ CPV in Leton Sector

N CP structure in quark sector is weII known
— Small CPV in quark sector ( < 107 %)
can not explain baryon asymmetry of the universe.

-~ -

l * However, leptogenesis may explain baryon asymmetry,
provided with large CPV in lepton sector.

R © There is hint of maximal CPV in lepton sector.

g _,\,-’\ el »
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Expected sensitivity: CP violation

Significance for sindcp=0 exclusion

10 - Normal mass hierarchy

® Exclusion of sindcp=0 x| JHK
® ~80(60) for 0=£90°(+45°)°
® >30(>50) significance for

~76%(58%) of Ocp space

® Ocp resolution:

-150  -100 -50

® 22° for 6CP=i90° 10 dcp [degree]
® 7° for dcp=0°0r 180° o HK
8 — (single tank)
8 b DUNE
Seamless program of = T A
Japan-based experiments ~ ® .+ T2Kl
for study of CP-violation ) _T?V
= NOVA
T2K-2T2K-ll?HK -+ /. . . . . . . . .
2022 2026 2030 2034 2038



Ocp & MO Sensitivity Studies

** Simulation parameters **

* 2.7x10%? POT with v :'v=1: 3 operation ratio

- 10 years of operation with 1.3 MW beam

* 187 kton fiducial volume (compared to 22.5

kton for SK)
* Baseline to Korea is 1100 km
e Off-axis beam: 1.5°, 2.0°, 2.5°
* Oscillation parameters: m—)

|Am3,|=25%107" eV
sin’0,,=0.5
sin”20,,=0.085
Ami,=7.53%x10"> eV
sin’0,,=0.304
0,=0,m/2,7,37/2

€ Note: Relatively simple systematic uncertainty model is used.
More realistic systematic uncertainty implementation is needed.

Sunny Seo, IBS NPC Seminar @ Fermilab
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Ocp Sensitivities

True Normal Ordering, Ordering Known True Inverted Ordening, Ordering Known
T TT T TT LI I | L T 1T T TT T 2 T TT T TT LI I I LI | LI I B | LI I I | T
—_ 12 - ' L Jox1 ! I : r ' e JDX1 ' ! '
@) B — JDx2 i @) B —— JDx2 ]
— 10+ —— JD+KD at 2.5° - ~ 10+ —— JD+KD at2.5° —
Q N —— JD+KD at2.0° ] Q N —— JD+KD at 2.0° ]
O sf . —— JD+KD at1.5° 3 O o —— JD+KD at 1.5° ]
Known S T 1 S N
O — - O C _
MO = = 1 & 9 :
c - . C - .
oo 4r 7 ko 4r 7
g C : %8 N ]
2k u 2H -
0 L1 1 1 I | I - I 11 1 1 l 111 I 1 111 I- 1 111 ] 1 O 11 1 1 ] 111 1 I L1 1 1 I 11 1 l 11 1 1 l- 11 1 1 I 1
. 0 1 2 3 4 S 6 0 1 2 3 4 S 6
arXiv:1611.06118 5 ea 5 tea
cp " cp -
PTEP 2018, 6, 1-56  True Normal Ordering, Ordering Unknown True Inverted Ordering, Ordering Unknown
— 12 B LI B I | I LI B I I LI I B i LI B B | I T 1T I T L | ] l_ — ].ﬂ L L T ] 1T T I LI B I | l LI B I I L B B | I LI B B | I L
o C -emmme JDX g o C e JDx1 ]
~— o —— JDx2 - ~—— - —— JDx2 -
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T2HKK has best sensitivity to CP phase
(even) at the presence of NSI.

- Danny Marfatia @ICHEP 2018
arXiv:1612.01443

Sunny Seo, IBS NPC Seminar @ Fermilab
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Fraction of d.p

Known Unknown
Ordering Known MO Ordering Uknown MO

(OS_‘ 1 M T | TTTT | TTTT I UL | LI | L ! LI ! LI ! LI ! T |_ tos_‘ 1 A T 11T | TTTT | TT T I LI | TTTT I TTTT | rTTT | TTTT I LI : LI |—
Y - N B JDx1 1 2 - N e JDx1 ]
@) - N | i | — JDx2 n e = ’ : Po— JDx2 =
= 08—l — Jo+kDate5 | = 08I\l IDsKDat25
2 T NG Y — Jp+kpat2oc ] 8 - N N ® _ piKDat20° ]
9 - SN —— JD+KDat15 ] 2 | ]
— 06 b b NS ST S —
a8 adi : ] |
PV T N S A N\ A
02 bbb NN N ‘
0 _l 111 I | | I 1111 I L 111 I L1111 I L1111 l L1111 i‘;"}.J J R : L1l 1_ 0 _I L1l i 1111 i 1111 i | i | I - i | | i 111 I\:rﬂ‘l. Il dole i L. | l—

o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

CPV Significance (0) CPV Significance (0)

arXiv:1611.06118
PTEP 2018, 6, 1-56 Note: LBL sensitivity study was also independently

done using GLoBES in PRD 96,033003 (2017).
3
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Ocp Precision Sensitivities

- Very important for flavor symmetry model of neutrino mixing
S. Petcov in ICHEP 2018

c; (©)

True Normal Ordering

30""I""I""I""

True Inverted Ordering
30—

----- JDx1 .
— JDx2 < — JDx2
25 — JD+KD at 2.5° o 25 — JD+KD at 2.5°
-, —JD+KD at2.0° 7 -, —JD+KD at2.0° .
20 20 \ — JD+KD at 1.5°

IIII|II"I|IIII|IIII|IIII|IIII

% — JD+KD at 1.5°

~~
o
N—

15 15
- Y O\ 10
5
5 Normal l llnvlerteld -
o e e b b b b i 1 OOIIIIllIH2HH3HH4HH5HH6
0 1 2 3 4 5 6

O (rad)  pTEP 2018, 6, 1-56

At maximum CP violation: JD+KD 1.5°: 6(0.p) = 13~14 degree

IDx2 : 6(8cp) ~ 17 degree
IDx1 : 6(0¢p) ~ 22 degree
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1.0

b.f.v. of sin? 0, (Escf)éf)an et al., Jan., 2018) 4 the prcgssépective precision

used.

F. Capozzi et al. 2018
(arXiv:1804.09678)

4.4%

_#

5(sin?012) = 0.7% (JUNO),

Prospective (useful/requested) precision:

3.7(10)-3.8(NO)%T—t4(sin? 613) = 3% (Daya Bay),

4.8(10)-5.2(N0)%
250(10)-37°(NO)

'||5(5) = 10° (THKK?)

¥ (sin26053) = 3% (T2HK, DUNE; T2K+4+NOvA(?)).

S. Petcov talk @ICHEP2018




Why v Mass Ordering (MO) ?

Neutrino Mass Squared

|Uai|2

2
Amy,

2
Arnsol

)4 VB .
H T™ arXiv:0710.0554
. cosd = . cos 0 =
sin’ 6,3 : sin6;, kindy4 1
31 __1 q ‘_1
Sin2 91 3 Arngol 1
I
. kinfyd |
SiIl2 012 sin64 1 A )
2 T — Mot
-1
) sin’ 6y3 !
| I > § 31 __1
|Sin011i SiIl2 913
NORMAL INVERTED

CPT: § & —¢ Invariant!

Fractional Flavor Content varying cos 6

1. Important input to CPV measurement

2. Important input to flavor models



Current Status of v MO

———= NO, 10 (w/o SK-atm) = excluded by GERDA, EX0-200,
—————— NO, IO (Wi(.h SK‘atm) g KamLAND-Zen, CUORE-O
15 _l I\\l TTr[ry lln T H T lu T [rrrr Tt 0.1—g latest KamLAND-Zen bound “'
Ak NUFIT 4.0 (2018) = 7 ec ,
- i i % 0.01— sensitivity goal of next-to-next generation expérirﬁents
- T2K+NOVA § "=
10— i -
v L ! - x
% :: ] »
i [ | 2 CERN Courier, July 2016 '
_— :: — 1 IIIlIIII I |||||l|[ 1 |l||l||| | lllIlIII
> " :: B 0.00001 0.0001 0.001 0.01 0.1 1
B i - Miin (6V)
- i: -
I P P I P T W2 ** Cosmological measurement
5-26 -25 -24 24 25 26 (indirect / independent)
Amg,, [10 eV'] Am,, favors normal ordering 3 times

more from sum of v mass

» Current best fit: normal ordering at 3.4 ¢ from global fit
Front. Astron. Space Sci., 09 October 2018 (T2K, NOvA) + (SK) + (DB, RENO, DC)




Mass Ordering Sensitivities (Beam v)

Normal PTEP 2018,6, 1-56 Inverted

True Normal Ordering True Inverted Ordering
%) """"I""l""l""l""l12""""l""l""l""l"'
b I T JDx1 o L JDx1
Q - — JDx2 . - —— JDx2
QO U DuKDatzg I [  DiKDat2se N
S i — JD+KD at 2.0° . i —— JD+KD at 2.0° .
E 8'_“ """"""""""""""""""""""""" —— JD+KD at 1.5° o = 8:‘ --------------------------------------- —— JD+KD at 1.5° _:
& -
n

JD+KD 1.5°: 6~ 8 o for all 6, JD+KD 1.5°: 5.5~ 7 o for all 0
JD x2 : 1~4.5 oforall o JD x2 : 1~5 o forall o
(< 3 o for most cases) (< 3 o for most cases)



Beam + Atm. v Data

'!-! iAtr!n+B!ear!n (J!D+IkD)! . o
Il Beam (JD+KD) Mass ordering sensitivity
- Atm+Beam (JD x 2)
-_- Atm+Beam (JD x 1)
' Atm (JD+KD)

14

12

10

\'Ax? Wrong Hierarchy Rejection

o

— Best way to determine v mass ordering
among [[ v oscillation, Ov[33, cosmology ]] 39



Octant Sensitivity: Beam + Atm.

0,, octant sensitivity Lammd

\/Ax? Wrong Octant Rejection

IlllIIIIIIIIlll|III|III|III|III|II

Important for
MO & CPV measurements

"B Atm+Beam (JD+KD) |

I Beam (JD+KD)

I Atm+Beam (JD x 2)

B Atm+Beam (JD x 1)
Atm (JD+KD)




Atmospheric Parameter Sensitivity

Neutrino oscillation parameters

% = T2K 2014
e E e Hyper-K
3 g 28 3 - Hyper-K + reactor
R 90%CL
2.6
24 . =
2.2 L ) L ) | L 1 l L L | 1 1 l L L
04 045 05 0.55 0.6 0.65
sin”0

23
High precision oscillation parameter measurement:
0 1n2 ~ 0. —
1.3%  0O(sin“0,;) ~ 0.006 (for sin*0,,=0.45) S(AmZ,,) ~ 1.4x10-5eV?
3% §(sin20,,) ~ 0.015 (for sin20,,=0.50) ~0.6%
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Non-standard v Interaction Sensitivity
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arXiv:1611.06118 A=2V2GpN.E
PTEP 2018, 6, 1-56
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D. Marfatia@ICHEP2018: arXiv:1612.01443
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“T2HKK has the best sensitivity to CP phase (even) in the presence of NSI.”



Muon shielding(Mt. Bisul)

Muon Flu

Due to the detector being located deep underground,
The background level 1s decreased
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Supernova Burst Neutrinos

SN1987A @LMC
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events/0.44Mega-ton

Supernova burst neutrmo

3
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(kpc) SN explosion mechanism SN directional info.

by v+e scattering
® [arge statistics for galactic SN

® Precise timing and energy information to probe SN mechanism

® Pointing (2deg@ | Okpc) and timing for| multi-messenger astronomy

® Nearby (>1Mpc) SN
® Check of dim SN, coincidence with GW telescope, ...
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Supernova Relic Neutrinos (SRN)

Neutrinos emitted from past supernovae
S.Ando

UL

TIME AXIS

onstant SN rate (Totani et al., 1996)

Hartmann, Woosley, 1997

. JAndo et al., 2005 E|
> Lunardini, 2006
: - Fukugita, Kawasaki, 2003(dashed)

SRN expected spectrum

[

Neutrino Flux (/cm2 /sec /MeV)

Atmosphericv _|

0 10 20 30 40 50 60 70 80
Neutrino Energy (MeV)
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SRN: Physics Motivation

S.Horiuchi et. al (2011) S.Horiuchi et. al (2009)
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SRN spectrum may solve

-~ +1.6
SuperNova Rate problem: ~1.8 (***o¢) ., | supernova rate problem.
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Supernova Relic v (SRN) Sensitivity

 Expected SRN events & significance plot

Number of SRN Events
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Signficance of SRN Detection
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10 years

Difference due to 650 m (Japan) vs 1000 m (Korea) overburden

> 6 o discovery with JD+KD using 10 years data



Proton Decay Search

® Only way to directly probe Grand Unified Theory
® Two major modes predicted by many models

Mediated by gauge bosons SUSY mediated
+ ) 4
u) < . u—=" —v
X - ¢ =
Pyu d d— ¢
d g y K*
J -
p—e*Trl p—VK*
84'775 tan” [J’xm5
I_‘([)—>€+JZTO)~44) r(p—>\7K+)N 5 %
MYy MZxM;
q -

® Need broad searches including other possible modes
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For the case of
Toroton= 1.4%x10%%years
(Super-K limit)

o ~90 discovery@HK

® Only realistic proposal to
reach to 10°° years@30



Background: Atmospheric Neutrinos




Improvement for Proton decay w/ Gd
Neutron multiplicity for

P->e*n?® MC

e

Atmospheric v BG

05 samples after BOX cut
3500 | After proton mom & mass cut SK-IV ATMVMC
—
ol 92 59 5 os -~ Accompany
qC.> . 0 @ Black line: Treu info. neutron -
o 01 5 o3 —many n
5 2000 Zeron 3
— ~~—
o
'21500 blue: neutron vector g 02
2 1000 no neutron: 92.5% g
= 0.1
500
PR Y TG B S e T ey % 2 e T e e e 12

number of neutrons per event Number of neutrons

If one proton decay event is observed at Super-K after 10 years
Current background level: 0.58 events/10 years
Background with neutron anti-tag: 0.098 events/10 years

Background probability will be decreased from 44% to 9%.
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Discovery Potential for p -> e*n®

——e—— JD+KD 372 kton HD
JD+KDx2 558 kton HD+LD-Gd

"""""" o JD+KD 372 kton HD+LD

——o—— JD+KD 372 kton LD+LD

ffffffffff ®--- JD+KD 372 kton LD+LD-Gd {mmmmmmm

1 036
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I IIIIII|

_ p—e*n, 30 Discovery Potential LD: 20% photo coverage
. ——— DUNE 40 kton, staged o2 g

—e—— JD 186 kton HD HD: 40% photo coverage

T TTTTTI

20
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B This mode’s efficiency does not depend much on cathode coverage above 20%

B Background reduction though is improved by Gd loading



Discovery Potential for p -> vK*
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B Efficiency depends considerably on coverage
B Background reduction is improved by Gd loading
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Proton Decay Limits & Sensitivities
Only way to directly probe GUT

Soudan Frejus IMB Super-K Hyper-K
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Intermediate WCD (EG1)

International Effort to reduce syst. error of HK

 Hyper-Kamiokande limited by systematics, not neutrino

isti WINSRRNEERII I
statistics i hs PrER

« E61 intermediate detector:

- Kilo-ton scale water Cherenkov detector 10m

- Located ~1km from neutrino production point

- Same technology as far detector

Y PR FEEE RN YN
* Increased cancellation of systematics
: : , «— 8Mm —
- Measure neutrino beam at different off-axis angles
a“;ﬁi
T —y - 1-4° off-
I '_:'- ‘ Dccuyvolumc: Bcamdump;j ~1 km basellne .
S | R axis angle
: ~\\‘l Muon monitor
H;L:ii %..l [‘]i_%;j W (1) Beam window [ | 500 mPMT —
" Gdloading
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Beam Power History at MLF
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~10 months interruption due to the fire in MLF troubles of Hg-target

as of July 3, 2018
due to the earthquake

Saito-san’s talk



Some candidate sites in Korea

Site candidates for a 2"¥ osc. maximum detector in Korea

-- Baselines with 1,000~1,200 km
-- 2.0~2.5° or 1.5~2.0° off axis beam directions
-- >1,000 m high mountains with hard granite rocks

Mt. Bisul ~1.3° 1088 km 1084 m
Mt. Hwangmae ~1.8° 1140 km 1113 m
Mt. Sambong ~1.9° 1180 km 1186 m
Mt. Bohyun ~2.2° 1040 km 1126 m
Mt. Minjuii ~2.2° 1140 km 1242 m

Mt. Unjang ~2.2° 1190 km 1125 m




Mt. Bisul Site
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Mt. Bisul Site
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Experimental Hall (Cavern)

Constructlon
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T2HKK Detector Options

] Twice bigger detector w/ less photo coverage?

J Gd loading ? (proton decay, SRN)
] Water-based Liquid Scintillator?

Jd PMT options:
20 inch PMT
MPMT
SIPM etc..

- We need sensitivity studies/R&D/detector design.
- You have lots of opportunities in T2ZHKK/KNO !

Huge opportunities for new international collaborators !
Join us !



WDbLS Detector at Yemilab

Good demonstrator for T2HKK

‘ Neutrino Telescope at Yemilab, Korea

arXiv:1903.05368 Seon-lee Seor

Center for Underground Physics,
Institute for Basic Science,

55 Expo-ro Yuseong-gu, Daejeon 34126, Korea

(Dated: March 13, 2019)

A new underground lab, Yemilab, is being constructed in Handuk iron mine, Korea. The
default design of Yemilab includes a space for a future neutrino experiment. We propose to

build a water-based liquid scintillator (WbLS) detector of 4~5 kiloton size at the Yemilab.

The WbLS technology combines the benefits from both water and liquid scintillator (LS) in a
single detector so that low energy physics and rare event searches can have higher sensitivities
due to the larger size detector with increased light yield. No experiment has ever used a
WbLS technology since it still needs some R&D studies, as currently being performed by
THEIA group. If this technology works successfully with kiloton scale detector at Yemilab
then it can be applied to future T2HKK (Hyper-K 2"¢ detector in Korea) to improve its

physics potentials especially in the low energy region.




Yemilab @Handuk iron mine
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~1 km depth

To be completed
at the end of 2020

Mt. Yemi

1100m overburden

The New Underground

Cosine
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Hyper-K Construction Plan

2019 2020 2021 2022 2023 2024 2025 2026 2027

PMT
Tank-support Water

Geosurvey Design Cavern excavation lining installation filling
design

Preparatory Access Approach
construction  tunnel tunnel

Preparatory
construction for
excavated rock Excavated rock disposal
disposal
Tank
design

Electronics Production System Installa
Teslts tion

PMT Production

Beam Upgrade




J Hyper-K: next generation multi-purpose v experiment.

2 x 260 kton water detectors MeV — TeV

(d Physics sensitivities are improved w/ the 2"d detector in Korea.

* Neutrino mass ordering determination
* CPV, CP precision, CP coverage

* Non-standard v interaction

e Solar/SRN etc...

(d World class discoveries are expected to be made.
CPV, SN/SRN, proton decay etc...

(d Construction of the 1%t detector in Japan starts in April 2020.

] Site survey is done for T2HKK = very promising results



